, mitochondrial DNA (mtDNA) was significantly decreased by 24 and 16%, respectively. In contrast, rotenone and MPP؉ did not seem to alter mtDNA levels. These in vitro results suggest that Mn(III) species appears to be more cytotoxic than Mn(II) species, possibly due to higher oxidative reactivity and closer radius resemblance to Fe.
Chronic manganese (Mn) intoxication in humans causes permanent neurodegenerative damage in the nigrostriatal region, resulting in a syndrome similar to Parkinson's disease (PD; Cook et al., 1974; Mena et al., 1967) . While the etiology of idiopathic Parkinson's disease (IPD) remains unclear, high levels of total iron (Fe), decreased ferritin, oxidative stress, and abnormal mitochondrial Complex I activity have been repeatedly observed in the substantia nigra of IPD patients (Dexter et al., 1991; Jenner et al., 1992; Sofic et al., 1991; Ye et al., 1996) . A recent population study has also established that serum Fe concentrations are significantly reduced in IPD patients compared with controls, suggesting a compartment shift in Fe from blood to tissues, including brain (Logroscino et al., 1997) . The role of Fe in etiopathology of IPD has been extensively reviewed by Jenner et al. (1992) and Youdim et al. (1993) .
Previous studies from this laboratory have established that Mn-induced neurotoxicities appear to be associated with its interaction with Fe at systemic and cellular levels (Zheng et al., 1998 Zheng and Zhao, 2001) . Following Mn exposure, there is a predominant influx of Fe from the blood into the cerebrospinal fluid (CSF) and from extracellular matrix to intracellular space Zheng and Zhao, 2001) . From a chemical point of view, Mn resembles Fe in several ways, such as having similar ionic radii, carrying similar 2 ϩ and 3 ϩ valent charges under physiological conditions, and possessing a similar binding affinity for the carrier protein transferrin . Because of these similarities, we propose that Mn may not only interact with the Fe regulatory mechanism, but also act directly on certain enzymes whose active centers comprise [Fe-S] clusters, such as aconitase, NADH-ubiquinone reductase (Complex I), and succinic dehydrogenase (SDH, Complex II) .
Aconitase, an enzyme present in mitochondria (and cytoplasm) is responsible for the conversion of citrate to isocitrate in the tricarboxylic acid cycle. It contains a [4F3-4S] cubane cluster, which serves as the enzymatic binding site for citrate (Henson and Cleland, 1967; Kennedy et al., 1983) . Cytosolic aconitase, also known as iron-regulatory protein-1 (IRP-1 or ACO1), regulates intracellular Fe metabolism via its binding and unbinding to the mRNAs containing stem-loop structures, also referred to as iron-responsive elements (IRE). When cellular Fe levels are insufficient, IRP-1 assumes a [3Fe-4S] configuration, loses its enzymatic activity, and is transformed into an mRNA-binding protein. The net result of this RNA: protein interaction is an increase in cellular Fe uptake (Kennedy et al., 1983) . Results from our previous studies have shown that Mn exposure, either in vitro or in vivo, inhibits the enzymatic activity of aconitase (Zheng et al., 1998 . Since the coordination chemistry of Mn closely resembles that of Fe, we suspect that Mn may insert itself into the fourth Fe site of aconitase. While suppressing the enzyme's catalytic function, it may increase the protein's ability to bind to mRNA, which favors the expression of transferrin receptor (TfR) and restrains the translation of ferritin. An increased cellular level of Fe is expected to facilitate Fe-mediated cytotoxicity (Zheng et al., 1998; Zheng and Zhao, 2001; Zheng, 2001) .
Complex I, the first enzyme in the mitochondrial respiratory chain, also contains [Fe-S] clusters in its active sites (Ohnishi, 1998) . The functional unit of Complex I is thought to contain 13 to 14 conserved subunits, among which at least two [2Fe-2S] and four [4Fe-4S] clusters have been identified (Ohnishi, 1998) . These clusters are ligated to 4 cysteinyl sulfurs from the polypeptide chain of the apoprotein and are responsible for electron transfer from NADH to acceptor ubiquinone. Deficiency in Complex I activity in specific brain regions has been associated with IPD. For example, a significant reduction in the activity of Complex I has been found postmortem in the substantia nigra, platelets, and skeletal muscle of patients with IPD (Haas et al., 1995; Mizuno et al., 1998; Parker et al., 1989; Schapira et al., 1990) . Animal studies using model compounds such as 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine to induce Parkinson's lesions also confirm the correlation between a defected Complex I and PD-type neuropathological damages (Burns et al., 1983; Langston et al., 1983; Nicklas et al., 1985; Ramsay et al., 1989) . A recent study further demonstrates that chronic exposure to rotenone, a Complex I inhibitor, can cause highly selective nigrostriatal dopaminergic degeneration that is associated with certain PD syndromes in rats (Betarbet et al., 2000) .
Upon entering the cells, Mn mainly accumulates in mitochondria (Liccione and Maines, 1988) . The mitochondria take up Mn(II) presumably via a Ca(II) uniporter (Chance, 1965; Gavin and Gunter, 1996) . The slow efflux of Mn by mitochondria accounts for the excess accumulation of Mn ions in this subcellular organelle (Gavin and Gunter, 1996) . Since certain critical enzymes in the mitochondrial respiratory chain contain [Fe-S] structures, it seems likely that one of the Mn species in the mitochondria, either in the form of Mn(II) or Mn(III), may compete with Fe in the [Fe-S] cluster, leading to a disruption in energy production and the subsequent mitochondrial dysfunction.
Mn can assume multiple oxidation valence states under physiological conditions, primarily in the form of Mn(II) and Mn(III). Different oxidation states result in Mn species with distinct ionic size and reactivity, rendering one particular species more favorable in replacement of Fe in [Fe-S] This study was designed to test the hypothesis that exposure to different oxidative Mn species may induce differential cytotoxicities. We used a dopaminergic neuronal-derived PC12 cell line to compare the inhibitory effect of Mn(II) and Mn(III) on the activities of mitochondrial aconitase and Complex I. We also sought to investigate the effects of Mn(II) and Mn(III) on the expression of TfR mRNAs, which is regulated by IRP-1, and to study the cytotoxic effect of Mn(II) and Mn(III) on the growth dynamics of cultured cells. Since the levels of mitochondrial DNA (mtDNA) are sensitive to free radical-initiated oxidative stress (Wallace, 1992) , we further examined whether exposure to Mn(II) or Mn(III) altered the levels of mtDNA.
MATERIALS AND METHODS
Chemicals. Chemicals were obtained from the following sources: manga- Preparation of Mn solutions. Mn(II) solution as MnCl 2 was prepared by directly dissolving MnCl 2 salts in distilled, deionized water at a concentration of 100 mM as the stock solution. The working solutions were diluted from the stock on the day of use. The stock was prepared on a weekly basis and stored at room temperature.
Mn(III) solutions were prepared freshly at the day of experimentation using various approaches. For enzymatic studies, Mn(III) acetate dihydrate was first dissolved in 100% ethanol to a concentration of 50 mM. The solution was then filtered through a sterile filter (25-mm 0.2-m nylon membrane) attached to a Becton Dickinson 3-ml syringe. An aliquot of this solution (no more than 10 l) was added directly into a total of 500 l of the reaction mixture for the aconitase activity assay to produce final concentrations of 25-1000 M. In the Complex I study, an aliquot of this solution (no more than 10 l) was added into a total of 1 ml of the reaction mixture for final concentrations of 25-500 M. Both enzymatic activities were not affected by the presence of small volumes of ethanol.
For the cell culture study, Mn(III) acetate dihydrate was dissolved in 100% ethanol as a 50-mM stock. After filtration, an aliquot (10 -20 l) of the stock was mixed with an equal volume (10 -20 l) of DMSO. The mixed Mn(III) solution was than added into the culture medium to the required Mn concen-tration, ranging from 25 to 200 M (with Ͻ0.1% ethanol and Ͻ0.1% DMSO). The solvents used did not affect the cell growth of PC12 cells. Mn concentrations in the reaction mixture and in culture medium were verified by atomic absorption spectrophotometry.
Preparation of mitochondrial fraction from rat brain. The mitochondria were isolated according to the method described by Whitfield et al. (1981) . Rats were euthanized by cervical dislocation. The whole brains were removed and rinsed in saline and homogenized in a homogenizing buffer containing 0.25 M sucrose, 10 mM Hepes (pH 8.0), and 2 mM EGTA on ice. The homogenate (10 ml) was centrifuged at 1100g, 4°C for 10 min to remove residual nuclei or unbroken cells. Mitochondrial fractions were separated from the supernatant solution by centrifugation at 14,000g, 4°C for 10 min. The pellet was washed three times with 10 ml of homogenizing buffer, centrifuged twice at 8,000g for 10 min, and finally at 14,000g for 10 min. The final mitochondrial fraction was resuspended in 0.5 ml of homogenizing buffer and stored at Ϫ70°C until use. Prior to experimentation, the mitochondrial fraction underwent freeze-thaw treatment three times and was sonicated by 10 pulses at a level of 3.5 and output of 20% in a Sonifer sonicator (VWR) on ice.
Cell cultures and growth dynamics study. PC12 cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA). The cells were cultured in 150-cm 2 flasks in a growth medium consisting of RPMI supplemented with 10% horse serum, 5% FBS, 100 units/ml penicillin G sodium, 100 g/ml streptomycin sulfate, 0.2% D-glucose, 10 mM Hepes, and 1 mM sodium pyruvate. All experiments were carried out with cells suspended in the culture media, rather than grown on collagen-coated tissue culture dishes. The culture medium was changed every 2 days. During the initial cell plating, the total cell numbers were managed in the range of 2.5 to 4.6 ϫ 10 5 cells in 5 ml of growth medium.
The cells were exposed to Mn in culture media containing either Mn(II) predissolved in water or Mn(III) predissolved in equal volumes of ethanol and DMSO. Occasionally, Mn(II) predissolved in ethanol and DMSO was tested in the cell culture study. At the end of exposure, the cultures were mixed by repeatedly pipetting with a 10-ml Costar Stripette. A aliquot (1 ml) of cell suspension was removed and placed in an Eppendorf tube. A single-cell suspension was established by triturating the cells through a 22-G needle attached onto a syringe. A 100-l aliquot of cell suspension was then mixed with 100 l of 0.4% trypan blue solution (w/v). Following cell staining for 5 min, an aliquot (10 l) of stained cell suspension was pipetted onto a hemocytometer and counted for cell number. Fresh culture medium (2 ml) was then added into the original culture for the duration of experiment.
Protein concentrations were determined by a Bio-Rad assay kit (Bio-Rad Laboratories, Richmond, CA) using bovine serum albumin as standard.
Determination of aconitase activity. The activity of aconitase was assayed by determining the rate of formation of the intermediate product, cis-aconitate, from the substrate DL-isocitrate as described previously (Zheng et al., 1998) . Purified mitochondrial aconitase (5 g protein) was pretreated with various concentrations of either Mn(II) or Mn(III) followed by preactivation with 25 M Fe(II) (as ferrous ammonium sulfate) in a buffer consisting of 40 mM Hepes (pH 8.5) and 10 mM cysteine in a total volume of 50 l at 37°C for 5 min. The enzymatic reaction was initiated by adding 20 l of pretreated samples into a total of 1 ml of the reaction buffer containing 20 mM triethanolamine-HCl (pH 7.5) and 1.0 mM DL-isocitrate. The changes of absorbance at 240 nm were recorded for 10 min by a Perkin-Elmer Lambda-11 spectrophotometer and used for the calculation of the enzyme activity. The aconitase activity was expressed as the formation of cis-aconitate (increases in absorbance)/mg protein/min. Mn(III) was dissolved in ethanol. All samples were run in triplicate.
Determination of Complex I activity. The activity of Complex I was determined by a modified method of Hatefi (1978) . The rate of oxidation of NADH by Complex I was estimated by measurement of the rate of consumption of NADH. The reaction mixture (in a total 1 ml of volume) contained 10 mM Tris-HCl (pH 8.0), 50 mM KCl, 2 g/ml antimycin A (to block Complex III), 2 mM KCN (to block Complex IV), 0.1 mg/ml phophatidylcholine, 40 g protein of mitochondrial fractions, 0.1 mM NADH, and 10 l of various concentrations of either Mn(II) or Mn(III). The reaction was initiated by adding 4 l 10 mM CoQ1 into the above reaction mixture and incubating at 37°C for 10 min. The decline of NADH absorbance was then monitored at 340 nm. The rate of conversion of NADH to NAD ϩ was used to calculate Complex I activity and expressed as the conversion of mol NADH/mg protein/min.
It was noted that while the rate of enzymatic reaction reached the maximum in a potassium phosphate buffer, a visible precipitate was observed when Mn concentrations exceeded 1 mM in that solution. We then tried a Hepes buffer, which prevented the metal precipitation; however, it led to a reduced V max . In contrast, Tris buffer prevented the metal precipitation, while allowing a better reaction rate. We also noticed that that the combination of CoQ1 as the electron acceptor with phospholipids greatly improved the assay linearity and sensitivity. Mn(III) in ethanol was used in the experiments.
Northern blot of TfR mRNA. Cultured PC12 cells were incubated with either 100 M Mn(II) or Mn(III) (predissolved in ethanol/DMSO) in culture medium for 3 days. At the end of exposure, the cells were washed with PBS and harvested for Northern blot analysis of TfR mRNA. Total RNA was extracted from the control and Mn-treated PC12 cells using the RNA Zol B kit following the instructions of the manufacturer. RNA was normalized by loading equal amounts of total RNA as determined by absorbance at 260 nm. Total RNA (10 g) was electrophoresed on 1% formaldehyde-agarose gels, followed by soaking in 0.05 mM NaOH for 20 min and then 20ϫ saline sodium citrate (SSC) for 40 min. After the RNA was transferred to nylon filter in 20ϫ SSC overnight, the filter was UV irradiated, prehybridized in 0.5 M phosphate buffer (pH 7.2) containing 7% SDS and 1% BSA at 65°C for 15 min, and then hybridized at 65°C overnight in the same solution containing 2 ϫ 10 7 cpm/ml of random-primed 32 P-labeled TfR cDNA probe. The probe was a 507-bp fragment of the 5Ј-end of a full-length 3.4-kb rat TfR cDNA, subcloned to pTZ19U-RTR, which was a gift of Dr. Griswold at Washington State University (Roberts and Griswold, 1990) . The filters were washed three times for 15 min each using 2ϫ SSC with 0.1% SDS at 65°C, followed by 1ϫ SSC with 0.1% SDS at 25°C once for 15 min. The filters were then autoradiographed with Kodak Biomax MR film (Eastman Kodak, Rochester, NY) in an intensifying screen at Ϫ70°C for 7-14 days.
To quantitate TfR mRNA, the filters were further hybridized with randomprimed 32 P-labeled ␤-actin RNA and autoradiographed for 6 -8 h. The X-ray images of the Northern blots were scanned by an Epson Expression 636 scanner into a Macintosh Power PC G3 computer, followed by analysis of the density of mRNA bands corresponding to TfR and ␤-actin using NIH Image 1.57 software package. The densities of TfR mRNA in control and Mn-treated groups were normalized to those of ␤-actin mRNA in each corresponding lane.
Southern blot of mtDNA. Southern blot of mtDNA was performed using the method described by Miyako et al. (1997) . The cells in Mn-treated and control groups were harvested and the total DNA was extracted with DNAzol reagent (Life Technologies, Inc.) according to the manufacturer's instructions. The extracted DNA was digested with RNase A and PvuII and solubilized in 0.1ϫ TE (1 mM Tris-HCl (pH 7.5) and 0.1 mM EDTA). The concentrations of DNA were determined by measuring the absorbance at a wavelength of 260 nm. An aliquot (2-5 g) of DNA was electrophoresed in 0.8% agarose gel and transferred onto a MSI nylon transfer membrane (Fisher Scientific). The mitochondrial gene and 18S rRNA gene (as an internal standard) were hybridized with the probes of 0.8-kbp XbaI fragment of mitochondrial DNA (nt 7441-8260) and 1.5-kbp XbaI fragment of 18S rRNA gene (nt 450 -1955) , respectively. Both probes were labeled with [␣-32 P]dCTP using a Megaprime DNA labeling kit (Amersham). The membranes were then autoradiographed and the densities of bands corresponding to mtDNA and 18S rRNA were quantified as described above.
Statistics. Statistical analyses of the differences between groups were performed by using two-way ANOVA. The differences between two means were considered significant if p values were equal or less than 0.05.
RESULTS

Solubilization of Mn(III) Salt
To solubilize Mn(III) species, we have tested several commonly used solvent systems in bioassays, including Emulphor, polyethylene glycol, Tween series, rat plasma, DMSO, ethanol, and the combination of these solvents (Table 1) . Among the tested solvents, we found that absolute ethanol proved to be the best to solubilize Mn(III) as Mn(III) acetate dihydrate. The concentration of this solution can be made to as high as 100 mM. At 50 mM and even lower concentrations, all salts went into the solution without visible residuals. When small aliquots of this solution were added into enzyme reaction mixture, no visible precipitation was observed.
For the cell culture study, direct addition of Mn(III)-ethanol solution to the culture medium resulted in a granule-type of precipitation. Thus, tests were made by premixing Mn(III)-ethanol with rat plasma or DMSO. The experiments with rat plasma did not improve solubility. However, mixing Mn(III)-ethanol with DMSO at the ratio of 1:1, followed by addition this mixture to the culture medium, prevented the precipitation and proved to be useful in cell culture studies. This recipe was then used in subsequent experiments.
Inhibition of Aconitase Activity by Mn(II) and Mn(III)
When mitochondrial aconitase was incubated with Mn(II), a minimum concentration of 1 mM of Mn(II) was required to initiate a notable inhibitory effect (6.6% inhibition) (Fig. 1) . Increasing concentrations of Mn(II) in the reaction mixture decreased the enzymatic activity. At 5 mM, the effect of Mn(II) on the aconitase reached the maximum, which was about 36% inhibition of the aconitase activity (Fig. 1) . Experiments with Mn(II) dissolved in ethanol at 1 mM produced the result (6.4% inhibition) that was comparable to those seen in experiments with Mn(II) in water.
In comparison, the minimum concentration required for Mn(III) to inhibit the enzyme was 125 M. At 700 M of Mn(III), there was a 43% inhibition compared to controls (Fig.  1) . When the dose-response curves were compared between Mn(II) and Mn(III) groups, Mn(III)-treated groups showed a steeper slope than that of Mn(II) group (Fig. 1) . The IC10, defined as the Mn concentration to cause 10% inhibition of aconitase activity and estimated from the linear regression of dose-response curves, was 124 M for Mn(III), while it was 1164 M for Mn(II), about 10-fold higher than that of Mn(III).
The rate of the aconitase-catalyzed reaction also varied as a function of Fe concentrations present in the reaction mixture (Fig. 2) . Addition of excess amounts of Fe into Mn(II)-or Mn(III)-pretreated enzyme fractions restored the aconitase activity (Fig. 2) ; however, the reaction rate did not return to its full potential until 500 M of Fe(II) was added into the reaction mixture of the Mn(III) group. Notably also, to restore the same reaction rate, Mn(II) preincubated samples required a higher concentration of Fe(II) than those treated with Mn(III).
In the same reaction system, addition of ethanol, a solvent for Mn(III) acetate, did not interfere with the aconitase activity.
Inhibition of Mitochondrial Complex I Activity by Mn(II) and Mn(III)
Following exposure of mitochondrial fractions to Mn(II) or Mn(III) at concentrations ranging from 50 to 500 M for 20 min, Complex I activity was significantly inhibited by both Mn species (Fig. 3A) . The inhibitory effects were Mn-concentration dependent. At 500 M, Mn(III) and Mn(II) caused 76% ( p Ͻ 0.01) and 60% ( p Ͻ 0.01) inhibition of the Complex I activity, respectively. Mn(II) dissolved in ethanol at the same concentration resulted in the same degree of inhibition (data The time-course studies indicated a progressive inhibition of this enzyme by both Mn species. Two-way ANOVA revealed a statistically significant difference in time curves between Mn-treated groups and controls ( p Ͻ 0.01 for both comparisons) (Fig. 3B) . Mn(III) appeared to be more effective than Mn(II) at later times; however, the differences between Mn(III)-and Mn(II)-treated groups did not reach statistical significance ( p Ͼ 0.05) (Fig. 3B) .
Steady-State TfR mRNA Levels as Affected by Mn(II) and Mn(III) Treatment
One of the functions of cytosolic aconitase is to bind to the IRE in mRNAs encoding TfR or other proteins. An enhanced binding affinity of IRP-1 to 5Ј-IRE-containing mRNA can result in an up-regulation of these mRNAs. Since Mn may replace Fe in IRP-1, we examined the effect of Mn on the expression of TfR mRNA in cultured PC12 cells.
Following Mn treatment at 100 M for 3 days, the expression of TfR mRNA in both Mn(II) and Mn(III) groups was evidently increased on the autoradiograph by Northern blot (Fig. 4) . Quantitative analysis of the optical density of the bands corresponding to TfR mRNA, which was normalized to ␤-actin mRNA in the same lane, revealed that Mn(II) treatment enhanced the expression of TfR mRNA in PC12 cells by 21% ( p Ͻ 0.05) ( Table 2 ). Exposure to Mn(III) greatly enhanced the expression of TfR mRNA by 58% of controls (Fig. 4, Table 2 ).
Cytotoxic Effects of Mn(II) and Mn(III) on the Growth of PC12 Cells
The cytotoxic effect of both Mn(II) and Mn(III) on the cell growth of neuronal typical PC12 cells was investigated at Mn concentrations of 25 and 50 M in the culture medium. In comparison to controls, Mn(III) treatment prevented cell growth after 5 days of incubation at 25 M (Fig. 5A) . Under the microscope, the cells were visibly swollen, and there was evidence of cytoplasmic granules (data not shown). Treatment of cells with Mn(III) at 50 M for 10 days resulted in a 99% reduction of the cell growth (Fig. 5A) . Two-way ANOVA revealed an overall significant reduction in total cell numbers after Mn(III) treatment.
Mn(II) treatment at both concentrations significantly reduced the total cell numbers by two-way ANOVA (Fig. 5B) . However, the abnormal cytology, such as the cytoplasmic granules, did not become apparent until the cells were incubated with Mn(II) at concentrations higher than 500 M.
When the comparison was made between Mn(II) and Mn(III) groups, there was a statistically significant difference between the two groups in cell growth curves by two-way ANOVA (Fig. 5C) . By day 10, the cell numbers in the Mn(III) group were about 60% that of Mn(II) group. Thus, Mn(III) species appeared to be more cytotoxic than Mn(II) species.
The possible interference from the solvent on the Mn(II) groups was also investigated. Mn(II) was predissolved in ethanol/DMSO in a volume equivalent to Mn(III) preparation, followed by addition to the culture medium. After exposure of the cells at 50 M Mn(II) for 5 days, Mn(II) predissolved in ethanol/DMSO produced the same degree of inhibition (74%) as did Mn(II) in water (75%). Thus, the solvent system seemed unlikely to affect the outcomes.
Effects of Mn(II) and Mn(III) on Mitochondrial DNA Contents
Since Mn extensively accumulates in mitochondria, we sought to test the hypothesis that failure in energy production and ensuing oxidative stress in mitochondria may affect mtDNA. The effect of Mn on mtDNA was compared to those of rotenone and MPP ϩ , two well-defined Complex I inhibitors. Following treatment of PC12 cells with 100 M of either Mn(II) or Mn(III) in culture media for 3 days, the densities of 16-kbp bands corresponding to the mtDNA were reduced by 24 and 16% in Mn(II) and Mn(III) treated groups, respectively (Fig. 6, Table 3 ). Mn(II) species seemed likely to cause more severe reduction of mtDNA than Mn(III); however, the difference between Mn(II)-and Mn(III)-treated groups was not statistically significant.
Treatment with rotenone at 0.1 M for 3 days did not alter mtDNA levels nor did the exposure to MPPϩ at 25 M for the same duration (Fig. 6) .
DISCUSSION
Mn ions can assume multiple oxidative valence states under physiological conditions ranging from Mn(II), Mn(III), to Mn(IV). Much of the literature covering Mn toxicity has been built on experiments using Mn(II), for its salts are quite water soluble. While Mn(III) exists naturally as salts of acetate, phosphate, or trioxide, none of these salts are readily water soluble. In this study, we have tested seven commonly used solvent systems and concluded that a combination of ethanol with DMSO proved to be an ideal vehicle for the in vitro study of Mn(III) (as Mn acetate dihydrate).
The results from the current study provide strong evidence that the valance state of Mn determines the degree to which Mn exerts cytotoxicities. Mn(III) species was more potent than Mn(II) in inhibiting mitochondrial [Fe-S]-containing enzymes such as aconitase and Complex I, in elevating the level of TfR mRNA that is regulated by [Fe-S]-containing cytosolic aconitase, and in retarding the growth and differentiation of cultured dopaminergic PC12 cells. These data support our hypothesis that a higher oxidation state of Mn, i.e., Mn(III), is more cytotoxic than Mn(II) in alteration of cell functions.
Our previous studies have shown that exposure to Mn(II), either in vitro or in vivo, leads to a significant alteration in aconitase activity (Zheng et al., 1998) . The current results further establish that, to achieve the minimum magnitude of inhibition, i.e., at IC10, the required Mn(II) concentration was nearly 10 times higher than that of Mn(III) exposure. In other words, Mn(III) is more effective than Mn(II) in inhibition of aconitase. Two possible mechanisms might explain the extraordinary activity of Mn(III) species.
First, the higher oxidation species of Mn may replace Fe in the catalytic site of aconitase more readily than the lower ones. The ionic size of a metal generally depends on its oxidation state, with the ionic radii decreasing as the oxidation state increases. Two oxidation states of Fe possess a radius of 65 and 78 ppm for Fe(III) and Fe(II), respectively, while for Mn, the Note. PC12 cells were treated with either Mn(II) or Mn(III) at 100 M for 3 days. The expression of TfR mRNA and ␤-actin mRNA (internal standard) were determined by Northern blot. The optical density of bands for TfR mRNA was normalized to the abundance of ␤-actin mRNA in the same lane, and data represent the ratio of TfR/␤-actin abundance. The culture media in the Mn(III) study contained DMSO in both control and Mn(III)-treated groups. Values are means Ϯ SD, n ϭ 5-6. *p Ͻ 0.05 compared to control. **p Ͻ 0.01 compared to the control. radii are 65 and 83 ppm for Mn(III) and Mn(II), respectively (Nieboer and Fletcher, 1996) . Given that the Mn(III) species has an ionic size identical to Fe(III), it seems likely that the higher oxidation state of Mn may optimally fit into the geometric space of aconitase, substitute for Fe in the [Fe-S] cluster, and in so doing inhibit enzymatic reactions. In the case of Mn(II) exposure, however, the oxidation of Mn(II) to Mn(III), which is a rather slow, oxygen-dependent process, may turn into a critical rate-limiting step. Hence, the Mn(II)-elicited toxicity may become apparent only in the presence of a high concentration of Mn(II) species.
Second, the higher oxidation state of Mn may be more reactive than lower oxidation species in influencing the interchange of aconitase between oxidation and reduction states. Under normal conditions, a reductive switch of the [3Fe-4S] cluster to the [4Fe-4S] cluster is required for aconitase activity (Beinert and Kennedy, 1993; Robbins and Stout, 1989) . The substrate (citrate) binds only to the added fourth Fe, thereby being converted to isocitrate. By oxidatively converting the 4Fe to the 3Fe cluster, the enzyme loses its catalytic function and is then transformed to an mRNA-binding protein. The latter form favors protein binding to the mRNA carrying IRE stem-loops (e.g., TfR mRNA). Taking into account the higher oxidative activity of Mn(III), we postulate that Mn(III), as a better oxidizing agent than Mn(II), may catalyze the conversion of the active site of aconitase from a [4Fe-4S] state to a The results from our TfR mRNA assay also show that Mn(III) increased the levels of TfR mRNA nearly three times as much as Mn(II) in cultured PC12 cells. The enhanced expression of TfR mRNA could be a direct result of Mn interaction with IRP-1, a cytosolic aconitase with a [4Fe-4S] cluster (Zheng et al., 1998 (Ohnishi, 1998) . No reports, however, indicate the presence of a labile Fe atom among these clusters. Thus, it is not entirely clear whether Mn(III) may be able to catalyze the oxidative reaction so as to deprive one of the irons from [Fe-S] clusters in Complex I. However, it is possible that Mn(III), owing to its similar ionic radius to Fe(III), may directly substitute for Fe in the catalytic active site, leading to the enzyme inhibition.
The copy numbers of mtDNA have been shown to be sensitive to oxidative stress and have been used as an indicator for the functional integrity of mitochondria (Melov et al., 1999; Tabrizi and Schapira, 1999) . Initiation of mtDNA transcription is mainly regulated in the D-loop region, which is reportedly more susceptible to oxidative stress than other regions. The high level of oxidative stress in mitochondria, resulting from excessive Fe accumulation, altered Complex I activity, and arrested energy production after Mn exposure, would be expected to reduce the level of mtDNA. This seems to be true based on the results of this study. Both Mn species significantly lowered the levels of mtDNA by Southern blot analysis. However, it is somewhat puzzling that Mn(II) appeared to be more effective than Mn(III) on mtDNA, although the differences did not reach statistical significance. Currently, we do not have any explanation for this difference. However, it is noteworthy that treatment of PC12 cells with either rotenone or MPP ϩ , two well-known Complex I inhibitors, did not greatly affect mtDNA levels in the current study. It appears that the altered Complex I activity might not necessarily cause the reduction of mtDNA.
Based on the results from the current assays, it is not surprising to see that a much more severe cell growth retardation occurred in Mn(III)-treated groups than in Mn(II) groups. This is primarily due to a more potent toxic effect of Mn(III) than Mn(II) in inhibition of mitochondrial [Fe-S] cluster enzymes, i.e., aconitase and Complex I, which ultimately led to a dysfunctional mitochondrial respiration. A greater effect of Mn(III) than Mn(II) on the expression of TfR mRNA could also promote more cellular uptake of Fe from the extracellular matrix in Mn(III)-treated cultures, bringing about Fe-initiated oxidative stress. The higher cytotoxicity of Mn(III) than Mn(II) has also been reported by other groups (Ali et al., 1995; Archibald and Tyree, 1987; Donaldson et al., 1982) . These investigators have reported that the trivalent or higher valence states of Mn may produce the reactive oxidative species, promote the oxidation of catecholamines, and enhance lipid peroxidation. Taken together, we conclude that Mn(III) species, once entering the body or being converted from Mn(II), are more cytotoxic than Mn(II) species. Given the role that Mn(III) can play in initiating cytotoxicity, particularly in the brain, more research should be conducted to determine the mechanism by which Mn(III) is produced, including the site of its biotransformation and the enzyme systems that may catalyze the oxidation/reduction of Mn species. Note. Following incubation PC12 cells with Mn(II), Mn(III), rotenone, or MPPϩ for 3 days, an aliquot (2-5 g) of total DNA was used for Southern blot analysis. The optic density of bands for mtDNA was normalized to the abundance of 18S rRNA (internal standard) in the same lane, and data represent the ratio of mtDNA/18S rRNA abundance. Values are means Ϯ SD, n ϭ 3-4.
*p Ͻ 0.05 compared to the control.
